Reactivation of the p53 tumor-suppressor protein by small molecules like Nutlin-3 and RITA (reactivation of p53 and induction of tumor cell apoptosis) is a promising strategy for cancer therapy. The molecular mechanisms involved in the responses to RITA remain enigmatic. Several groups reported the induction of a p53-dependent DNA damage response. Furthermore, the existence of a p53-dependent S-phase checkpoint has been suggested, involving the checkpoint kinase Chk1. We have recently shown synergistic induction of apoptosis by RITA in combination with Nutlin-3, and we observed concomitant Chk2 phosphorylation. Therefore, we investigated whether Chk2 contributes to the cellular responses to RITA. Strikingly, the induction of apoptosis seemed entirely Chk2 dependent. Transcriptional activity of p53 in response to RITA required the presence of Chk2. A partial rescue of apoptosis observed in Noxa knockdown cells emphasized the relevance of p53 transcriptional activity for RITAinduced apoptosis. In addition, we observed an early p53-and Chk2-dependent block of DNA replication upon RITA treatment. Replicating cells seemed more prone to entering RITA-induced apoptosis. Furthermore, the RITA-induced DNA damage response, which was not a secondary effect of apoptosis induction, was strongly attenuated in cells lacking p53 or Chk2.
The human transcription factor p53 provides an essential roadblock against cancer. The TP53 gene is mutated in B50% of all human cancers; the remaining tumors are assumed to have attenuated wild-type p53 activity. 1 Reactivation of p53 in tumors with intact, but functionally impaired, p53 using non-genotoxic drugs is a promising anti-cancer strategy. Such strategies generally rely on inhibiting the interaction of p53 with its main negative regulators, human double minute 2 (Hdm2) and human double minute x (Hdmx). In addition, RITA (reactivation of p53 and induction of tumor cell apoptosis) was identified to directly bind and activate human p53 and to suppress in vivo growth of transformed cells in a p53-dependent manner. 2 Understanding factors that determine the outcome of p53 activation is the aim of many investigators, as specifically directing the cellular response towards apoptosis is crucial for successful cancer treatment. Interestingly, distinct p53-activating drugs have strongly divergent effects. For example, Nutlin-3 3 and MI-219 4 mainly induce G1 and G2 arrest, resulting in depletion of S-phase cells, whereas induction of apoptosis by these compounds varies greatly between cell lines. On the other hand, RITA does not induce G1 arrest, but in general is more capable of inducing apoptosis. 5 The mechanistic properties of RITA seem complex. RITA was proposed to induce a conformational change in p53 that prevents its binding to Hdm2. 2 NMR studies did not support this mechanism, 6 but a later study suggested a role for the released pool of Hdm2 to promote degradation of p21 and the p53 cofactor hnRNP K. 5 Furthermore, induction of proapoptotic homeodomain-interacting protein kinase-2 levels, 7 inhibition of pro-survival TrxR1 activity 8 and reduced expression of Wip1 phosphatase and Hdmx 9 have been described as contributing to RITA effects. RITA has also been implicated in the inhibition of angiogenesis-promoting hypoxia-induced factor-1a protein synthesis by increasing the phosphorylation of eukaryotic initiation factor 2a. 10 Importantly, several groups recently reported the induction of a DNA damage response by RITA. [9] [10] [11] [12] The canonical DNA damage response network is traditionally divided into two major pathways, involving the sensor kinases ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) that activate their respective effector kinases, Chk2 and Chk1. ATR phosphorylates Chk1 on Ser317 and Ser345. 13, 14 The best-characterized activating phosphorylation site of Chk2 is Thr68, 15 but phosphorylation of residues Ser19, Ser33 and Ser35 has been described to contribute to Chk2 activation. 16 The p53 pathway is strongly affected at multiple levels by DNA damage signaling. ATM, ATR, Chk1 and Chk2 were all reported to directly mediate N-terminal phosphorylation on p53. In addition, both Hdm2 and Hdmx are downstream targets of the DNA damage response, including phosphorylation by ATM, ATR, Chk2 and Chk1 (Meek DW 17 and references therein). The intensive interactions described above predict a great impact of DNA damage signaling on the biochemical and biological effects of small-molecule p53 activators. Indeed, when combined with genotoxic drugs like doxorubicin or topotecan, Nutlin-3 synergistically induced apoptosis in certain experimental settings. 12, [18] [19] [20] We along with others showed synergistic tumor cell killing when Nutlin-3 and RITA are combined, 12, 21 suggesting the induction of distinct pathways, as enhanced activation of the same pathway would expected to be additive at the best. Recently, RITA was proposed to induce p53-dependent replication stalling, with a role for Chk1 in maintaining DNA integrity, but not in the induction of apoptosis. 11 In this study, we focused on the role of Chk2 in the RITA response and found that Chk2 is essential for the induction of replication arrest and apoptosis by RITA.
Results
We recently reported that Nutlin-3 and RITA synergistically induce apoptosis in uveal melanoma cells, correlating with induction of ATM signaling and enhanced p53-Ser46 phosphorylation. 12 An important downstream target of ATM is the checkpoint kinase Chk2. Indeed, Chk2 was phosphorylated on Thr68 and Ser19 upon RITA treatment in the uveal melanoma cell line Mel202 (Figure 1a) . Therefore, we investigated whether Chk2 contributes to the RITA response, using a specific inhibitor of Chk2 kinase activity, and by shorthairpin RNA (shRNA)-mediated Chk2 knockdown. Interestingly, both approaches markedly reduced apoptosis induction by Nutlin-3 plus RITA in To further study the role of Chk2 in the responses to Nutlin-3 and RITA, we used the isogenic p53 þ / þ , p53 À/À and Chk2 À/À cells were growth inhibited by the combination treatment, indicating activation of p53-independent pathways.
To obtain more insights into the effects of RITA and Nutlin-3 alone and in combination, we investigated the effects on cellcycle profiles (Figure 3a) . In wild-type HCT116 cells, Nutlin-3 treatment induced both a G1 and a G2 arrest, whereas RITA treatment resulted in decreased G1 and increased S and G2/M fractions. RITA also prevented S-phase depletion by Nutlin-3, suggesting an S-phase arrest by RITA. In p53 À/À cells, Nutlin-3 alone had no effect, but RITA clearly decreased G1 and increased G2/M fractions. Combining Nutlin-3 and RITA dramatically elevated the G2/M fraction, which can explain the growth inhibition observed in the WST-1 assay (Figure 2 ). These findings indicate that Nutlin-3 and RITA exert some p53-independent effects, although the effect of Nutlin-3 is only revealed in the presence of RITA. In Chk2 (data not shown). In conclusion, cell-cycle profiles suggest that Nutlin-3 induces a p53-dependent G1 arrest and a p53-and Chk2-dependent G2 arrest. However, RITA induces a p53-and Chk2-dependent S arrest and a p53-and Chk2-independent G2 arrest, but no G1 arrest.
We also examined apoptosis induction using sub-G1 evaluation ( Figure 3b ) and Annexin V staining (Figure 3c ). Nutlin-3 induced a mild, p53-dependent apoptotic response in HCT116. Importantly, RITA strongly induced apoptosis in a p53-and Chk2-dependent manner. Combination treatments, as compared with single RITA treatments, slightly increased apoptosis in all cell lines.
To obtain more insights into the pathways by which RITA affects cell-cycle progression and apoptosis, we analyzed the levels and phosphorylation status of a number of proteins ( Figure 4a ). Supporting the observed effects on apoptosis,
À/À and Chk2 À/À cells. As reported before, [9] [10] [11] [12] RITA also induced a DNA damage response, evidenced by phosphorylation of ATM-Ser1981, KRAB-interacting protein 1 (KAP1)-Ser824, Chk2-Thr68, p53-Ser15 and p53-Ser46, as well as by downregulation of Hdmx. Interestingly, these effects were strongly attenuated in p53 À/À and Chk2 À/À cells. In addition, Chk1-Ser345 phosphorylation, recently implicated in RITA response, 11 and Hdm2 downregulation were all p53 and Chk2 dependent ( Figure 4b ). It is important to note that not only stress-induced p53 phosphorylation is strongly reduced in Chk2
À/À cells but also p53 stabilization (Figure 4b ). We further analyzed the DNA damage response in HCT116 p53
þ / þ cells in a RITA time course, in comparison with the known DNA-damaging agent etoposide (Figure 4c ). RITA-induced phosphorylations clearly occurred with slower kinetics. 
À/À and Chk2 À/À cells were treated as indicated for 24 h, and protein extracts were analyzed by western blot using the indicated antibodies.
and Chk2 À/À cells were treated as indicated, and protein extracts were analyzed by western blot using the indicated antibodies. (c) HCT116 p53 þ / þ cells were treated with 1 mM RITA or 10 mM etoposide for the indicated periods, and protein extracts were analyzed by western blot using the indicated antibodies Figure 2b) showed that Z-VAD-FMK efficiently blocked apoptosis induction by RITA and Nutlin-3 plus RITA. However, inductions of ATM, KAP1, Chk2 and p53 phosphorylation, as well as Hdmx downregulation, were not influenced by Z-VAD-FMK. Furthermore, the RITA time course showed that PARP cleavage only became apparent after induction of the DNA damage response (compare Supplementary  Figure 2c and Figure 4c) .
Recently, it has been demonstrated that RITA blocks DNA replication in a p53-dependent manner. 11 To test whether this effect depends on Chk2 expression, we analyzed 5-ethynyl-
À/À and Chk2 À/À cells in a RITA time course (Figure 5a ). In p53 þ / þ cells, 4-h RITA treatment already effectively blocked replication. The effects in p53 À/À and Chk2 À/À cells were much weaker; only after 24-h RITA treatment, a significant reduction in EdU-positive cells could be observed. A closer examination of the EdU profile at the 12-h time point (Supplementary Figure 3a) revealed that in p53 À/À and Chk2 À/À cells, RITA shifted the EdU-positive peak somewhat to the left, suggesting a slower DNA replication in these cells.
To investigate whether Chk2 inhibition would modulate the effect of RITA on S-phase progression even in p53
À/À cells, we chemically inhibited Chk2 kinase activity in HCT116 p53 þ / þ and p53 À/À cells and analyzed EdU incorporation (Figure 5b and Supplementary Figure 3b) . In p53 þ / þ cells, Chk2 inhibition prevented the replication block at 4 h, resembling the observations in Chk2
À/À cells. In addition, the Chk2 inhibitor prevented phosphorylation of KAP1, Chk2 and p53, as well as p53 accumulation (Figure 5c ). In p53 À/À cells, Chk2 inhibition still partially rescued the effects of RITA on replication at later time points.
We hypothesized that RITA-induced apoptosis could be a secondary event of the replication block. If so, this could implicate that non-replicating cells are less prone to enter RITA-induced apoptosis. Therefore, we reduced the number of replicating cells by serum starvation (Figure 6a) . Indeed, replicating cells seemed more sensitive to RITA treatment, as indicated by reduced Annexin V staining (Figure 6b , P ¼ 0.00284) and sub-G1 fraction (Figure 6c ) in serumdeprived cells. Interestingly, reduced apoptosis did not coincide with lower induction of DNA damage response by RITA, with the exception of p53-Ser46 phosphorylation (Figure 6d) . Notably, we found no protection from RITA by pre-treatment with Nutlin-3 in HCT116 cells (Supplementary Figure 4) . In fact, in our hands, apoptosis induction by RITA was significantly enhanced by pre-treatment with Nutlin-3. This suggests that synergy between Nutlin-3 and RITA in apoptosis induction does not depend on DNA replication.
RITA promotes p53 transcriptional activity, including towards pro-apoptotic targets. 5, 21 We analyzed the levels of several p53 target genes in response to RITA in different þ / þ cells. These alterations were not observed in p53
À/À and Chk2 À/À cells, indicating that the activation of p53-dependent transcription by RITA requires Chk2. Nutlin-3 induced transcription of p21, p53-upregulated modulator of apoptosis (PUMA) and Bax in Chk2 À/À cells, indicating that these cells are still responsive to p53 activation (Supplementary Figure 5 ). It must be noted that we found only very low PUMA induction and no increase of Bax upon RITA treatment in HCT116 cells (Figure 7a ), in line with our observation that HCT116 PUMA À/À and HCT116 Bax À/À cells were equally sensitive to RITA as were wild-type HCT116 cells (data not shown). To address the relevance of Noxa induction for RITAinduced apoptosis, we applied shRNA-mediated knockdown of Noxa expression. Noxa mRNA levels were efficiently reduced (Figure 7b) , and RITA-induced apoptosis was significantly lower (P ¼ 0.0046, Figure 7c ). These results suggest that the partial rescue of RITA-induced apoptosis by simultaneous knockdown of PUMA and Noxa 5 can be mainly attributed to the loss of Noxa-mediated effects.
We next investigated a causal link between RITA-induced DNA damage response and apoptosis by using two kinase inhibitors: KU-55933, which specifically inhibits ATM, and caffeine, which inhibits ATM, ATR and DNA-dependent protein kinase (DNA-PK). Both diminished most of the RITA-and Nutlin-3 plus RITA-induced phosphorylation of ATM, KAP1, Chk2 and p53, as well as Hdmx downregulation (Supplementary Figure 6a) . Interestingly, whereas KU-55933 efficiently blocked RITA-induced phosphorylation of ATM, Chk2 and KAP1, caffeine more efficiently inhibited p53-Ser46 phosphorylation. However, neither drug could rescue RITAinduced cell death, as exemplified by PARP cleavage (Supplementary Figure 6a) and sub-G1 evaluation (Supplementary Figure 6b ). In fact, both KU-55933 and caffeine enhanced induction of apoptosis. Treatment with either KU-55933 or caffeine did not affect RITA-induced mRNA levels of p21 and Noxa (data not shown).
Recently, Wip1 downregulation was shown to contribute to RITA-induced apoptosis, at least partly through destabilization of Hdmx. 9 We analyzed Wip1 mRNA expression in HCT116 cells (Figure 8a ) and found that its reduction by RITA was both p53 and Chk2 dependent, correlating with Hdmx protein levels (Figure 4a ). We further examined the role of Wip1 in RITA response using stable Wip1 knockdown in MCF7 cells and doxycycline-inducible Wip1 overexpression in U2OS cells. In MCF7 (Figure 8b that Chk2 contributes to the reduction of Wip1 levels after RITA treatment, and that Wip1 contributes to the modulation of RITA response, as reported previously. 9 
Discussion
Several compounds have been developed for p53 reactivation in tumor cells to synergize with or even substitute conventional cancer therapies, including the small molecules Nutlin-3 3 and RITA. 2 They bind Hdm2 and p53, respectively, and interfere with the p53-Hdm2 interaction. However, the molecular changes that may be relevant for the cellular response, particularly those induced by RITA, stretch well beyond p53 stabilization. This is illustrated by the effects of RITA on the cell-cycle profile in HCT116 p53 À/À cells, which was strongly enhanced by combination with Nutlin-3. However, the majority of RITA effects occur through p53, although the underlying mechanisms have not yet been completely elucidated.
Surprisingly, here, we show that HCT116 Chk2 À/À cells largely mimicked p53
À/À cells in their RITA response: lack of immediate replication block, activation of DNA damage signaling, reduction of Hdm2 and Hdmx protein levels, transcriptional regulation of p53-responsive genes and, most importantly, induction of apoptosis. In contrast, Chk2 À/À cells were still responsive to p53 activation by Nutlin-3, although Nutlin-3-induced G2 arrest seemed Chk2 dependent. The absence of G2 arrest in Chk2 À/À cells was restricted to Nutlin-3; RITA clearly (although transiently) elevated the G2/M fraction. This G2/M increase upon RITA treatment may appear stronger in p53 À/À and Chk2 À/À cells just because they lack an S-phase arrest. It has recently been demonstrated that RITA induces a p53-dependent S-phase checkpoint through stalling of replication fork elongation. 11 The authors showed phosphorylation of Chk1 on Ser345 and proposed a functional contribution of Chk1, although this appeared to be restricted to maintaining DNA integrity upon short-term exposure, and the relevance of Ser345 þ / þ , p53 À/À and Chk2 À/À cells were treated with RITA for 6 h, and analyzed by qRT-PCR for p21, Noxa, MCL1, Bax and PUMA mRNA expression levels. (b) HCT116 cells stably expressing shCtrl or shNoxa constructs were treated with RITA for 6 h and analyzed by qRT-PCR. C, HCT116 cells stably expressing shCtrl or shNoxa constructs were treated with RITA for 48 h and apoptosis was assessed using Annexin V staining. Bars represent means and s.e. of three independent experiments. Statistical analysis was performed using a two-tailed t-test phosphorylation remained unclear. Our data indicate that Chk2 is essential for both Chk1 phosphorylation and efficient activation of an S-phase checkpoint by RITA. It seems plausible that RITA-induced DNA damage signaling results from replication stalling. We found that RITA-induced phosphorylations occur with much slower kinetics as compared with a classical DNAdamaging agent like etoposide. Furthermore, the DNA damage response is not just a result of apoptosis induction, as it was still observed in the presence of Z-VAD-FMK.
Which pathway does RITA use to trigger apoptosis? Although the mechanism by which RITA activates Chk2 has still to be solved, our data indicate that Chk2 is required for Hdm2 degradation and full p53 stabilization. This could implicate that RITA partly stabilizes p53 indirectly, by reducing Hdm2 levels. In addition, the partial rescue observed in Noxa knockdown experiments defined p53 transcriptional activity as an important contributor to apoptosis induction upon RITA treatment. Furthermore, serum-starved cells displayed reduced sensitivity to RITA, suggesting that replicating cells are particularly prone to RITA-induced apoptosis. This may provide a valuable aspect of RITA as cancer treatment, as tumor cells generally replicate faster than normal cells. On the other hand, DNA replication seems not to be an absolute requirement for RITA-induced apoptosis. Pre-treatment of HCT116 cells with Nutlin-3 for 24 h, which effectively depleted S-phase cells, did not protect cells from RITA-induced apoptosis, in contrast to an earlier report in which U2OS cells were used. 7 Replication blockage and apoptosis induction required the presence of both p53 and Chk2. These findings suggest that RITA activates a p53-and Chk2-dependent S-phase checkpoint that signals back to p53, possibly through Chk2, to activate a pro-apoptotic transcriptional program. However, DNA damage signaling may not be required for apoptosis induction, as serum starvation partially prevented apoptosis, but not the DNA damage response. Furthermore, the use of PIKK inhibitors KU-55933 and caffeine revealed no evidence for a contribution of ATM/ATR/DNA-PK activity in RITA-induced apoptosis, supporting the findings by Ahmed et al.
11 obtained using Wortmannin. It must be noted that caffeine seemed much more efficient in inhibiting RITA-induced p53-Ser46 phosphorylation as compared with KU-55933, suggesting that this depends on ATR and/or DNA-PK activity, rather than on ATM. Interestingly, DNA-PK was reported to synergistically act with Chk2 to activate p53-dependent apoptosis. 23 We found that Chk2 kinase activity is required for activating both the early replication block and apoptosis after RITA treatment. Comparison of several time-course analyses suggests that phosphorylation of Chk2 is not necessary for inhibiting replication. Its contribution to apoptosis induction remains elusive. In addition, the relevant Chk2 substrate(s) need to be identified. An obvious candidate is p53-Ser46, which is believed to specifically lead to apoptosis 24, 25 and correlated with Nutlin-3 plus RITA-induced apoptosis in uveal melanoma. 12 Indeed, RITA-induced p53-Ser46 phosphorylation was almost absent in HCT116 Chk2
À/À cells. However, additional targets may be involved as well. Chk2 is known to phosphorylate proteins involved in cell-cycle arrest, such as Cdc25C 26 and Cdc25A, 27 and DNA repair, including BRCA1. 28 The most interesting Chk2 targets are those involved in apoptosis, which might include not only p53 and Hdmx but also E2F1 29 and PML. 30 However, we detected a reduction of E2F1 and its targets p73 and APAF1 on the mRNA level in response to RITA treatment in wild-type HCT116 cells, ruling out a putative involvement of E2F1.
Collective literature indicates that Chk2 is a cancersusceptibility gene, possibly acting in synergy with other factors to cause cancer. 31 Patients with Chk2-deficient tumors might be treated with inhibitors of other DNA-repair proteins, whereas patients with tumors harboring functional Chk2 may benefit from Chk2 inhibition. This relies on the observation that cancer cells often contain an impaired checkpoint machinery, which results in a greater dependence on the remaining functional processes that ensure cell survival. þ / þ , p53 À/À and Chk2 À/À cells were treated with RITA for 6 h, and RNA extracts were analyzed by qRT-PCR for Wip1 expression levels. (b) MCF7 cells stably transduced with an empty pRS vector or pRS-shWip1 were treated as indicated for 24 h, and protein extracts were analyzed by western blot using the indicated antibodies. (c) U2TR-Wip1 cells were pre-treated with 1 mg/ml doxycycline for 2 h to induce Wip1 expression, and subsequently treated for 6 h with the indicated doses RITA. Protein extracts were analyzed by western blot using the indicated antibodies Indeed, Chk1 inhibitors aiming at potentiating DNA-damaging chemotherapy have reached clinical trials. 32 However, Chk2 inhibition is not always a good anti-cancer strategy. In fact, Chk2 activation in the absence of DNA damage was proposed as cancer therapy. 33 In addition, Chk2 inhibition can protect cells from radiation toxicity; the Chk2 inhibitor VRX0466617 attenuated IR-induced apoptosis, 34 and an earlier report showed that Chk2-deficient mice are radio resistant and exhibit impaired IR-induced p53-activation. 35 This may be exploited to improve the therapeutic index of radiotherapy in Chk2-deficient tumors, as Chk2 could have a radio-protective effect on normal tissues.
Here, we show that Chk2 loss protects cells from RITA, indicating that RITA will be particularly useful in tumors harboring functional Chk2. Interestingly, we also found that Chk2 inhibition diminished apoptosis in uveal melanoma cell lines induced by a combination of Nutlin-3 and the topoisomerase I inhibitor Topotecan (data not shown). By contrast, inhibition of the ATR-Chk1 axis has been demonstrated to potentiate the effects of topoisomerase I inhibitors. 36 Thus, Chk1 and Chk2 clearly exhibit distinct roles in responses to replicative stress. Our data place Chk2 in a central position in mediating the cellular responses to RITA. Future work should focus on the mechanism by which RITA activates Chk2, as well as on precisely defining the S-phase checkpoint induced by RITA, which is confusing because its induction is p53 dependent. Another challenge is finding out through which substrate(s) Chk2 contributes to apoptosis induction. Convincing evidence that replication stalling really is the (only) trigger for apoptosis is still lacking, so in theory RITA might induce two separate events. Elucidating these issues will help understanding the mechanistic properties of RITA and the evaluation of its utility as an anti-cancer drug.
Materials and Methods
Cell lines, lentiviral transductions. Human uveal melanoma cell line Mel202 was cultured in RPMI þ F10 medium (1 : 1 ratio) with 10% fetal bovine serum (FBS) and antibiotics. Human colorectal carcinoma HCT116, human breast cancer cell line MCF7 and human osteosarcoma U2OS were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and antibiotics. HCT116 p53 þ / þ , p53 À/À and Chk2 À/À cell lines were a kind gift from Dr. B Vogelstein. The generation of U2OS cells with inducible Wip1 expression (U2TR) has been described before. 37 U2TR cells, as well as MCF7 cell lines, stably transduced with empty pRS or pRS-shWip1 vectors, were kindly provided by Dr. R Medema. Lentiviral constructs targeting Noxa (TRCN0000153637), Chk2 (TRCN 0000010314) and a non-targeting control construct (SHC002) were obtained from the Mission shRNA library (Sigma-Aldrich, St. Louis, MO, USA). Cells were transduced using MOI ¼ 1.0 in a medium containing 8.0 mg/ml polybrene and puromycin selected for stable expression.
Drug treatments. HCT116 cells were seeded in 6-wells plates at a density of 5.0 Â 10 5. cells per well, Mel202 at 1.0 Â 10 6 cells per 6-cm dish, MCF7 at 9.0 Â 10 5 cells per 6-cm dish and U2TR at 6.0 Â 10 5 cells per 6-cm dish. Unless differently stated, final drug concentrations were 1.0 mM RITA and 10 mM Nutlin-3 in HCT116 and MCF7, and 0.25 mM RITA and 3.0 mM Nutlin-3 in Mel202. Nutlin-3 was purchased from Cayman Chemical (Ann Arbor, MI, USA) and RITA was kindly provided by Galina Selivanova. KU-55933 was a kind gift from Graeme Smith and Steve Jackson, and provided to us by Yosef Shiloh. Caffeine (C0750), Chk2 inhibitor II (C3742) and Z-VAD-FMK (V116) were purchased from Sigma-Aldrich.
Immunoblotting. Cells were lysed in Giordano buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 0.1% Triton X-100, 5 mM EDTA) with protease and phosphatase inhibitors. Proteins were separated by SDS-PAGE, blotted onto polyvinylidene fluoride transfer membranes, incubated with the appropriate primary (listed in Supplementary Table 1 ) and secondary antibodies, and bands were visualized by chemoluminescence (West Dura, Pierce Biotechnology, Rockford, IL, USA).
RNA isolation, quantitative real-time PCR. RNA was isolated using the SV Total RNA isolation kit (Promega, Madison, WI, USA). cDNA was synthesized using 2.0 mg RNA in a total volume of 30 ml reverse transcriptase reaction mixture (Promega). Samples were analyzed in triplicate using SYBR Green mix (Roche Biochemicals, Indianapolis, IN, USA) in a 7900ht Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). For normalization, the geometric mean of two housekeeping genes (RPS11 and CAPNS1) was used. Expression levels were calculated relative to untreated samples. Primer sequences are listed in Supplementary Table 2 .
Flow cytometry. Cells were harvested, washed in PBS and fixed in ice-cold 70% EtOH. Before FACS analysis, cells were washed in PBS and resuspended in PBS containing 50 mg/ml RNase A and 50 mg/ml propidium iodide (PI). Flow cytometry was performed in the BD LSR II system (BD Biosciences, San Diego, CA, USA). For Annexin V staining, cells were washed twice in PBS and resuspended in Annexin V-binding buffer containing Fluorescein isothiocyanate-labeled Annexin-V (Sigma-Aldrich) and PI. After 10-min RT, incubation cells were analyzed by flow cytometry. Positive PI staining, indicating necrotic or late apoptotic cells were excluded from the analysis. PI-negative, Annexin V-positive cells represent early apoptotic cells.
For EdU incorporation, we used the Click-iT EdU flow cytometry assay kit (Invitrogen, Grand Island, NY, USA). In short, cells were 1 h pulse labeled with 2.0 mM EdU, harvested, fixed with 4% paraformaldehyde and permeabilized with a saponin-based reagent. Cells were stained with Alexa Fluor 488 azide and analyzed by flow cytometry to detect EdU-positive cells.
WST-1 proliferation assay, calculation of synergism. HCT116 cells were counted and seeded in triplicate in 96-well plates at a density of 4000 cells per well, in a total volume of 100 ml medium. Cells were incubated with 10 ml WST-1 (Roche Biochemicals) for 2 h and absorbance (450 nm) was measured in a microplate reader (Victor, Perkin-Elmer, San Jose, CA, USA). For synergy studies, drug effects were calculated as 'affected fraction' of treated versus untreated cells. Dose-effect analyses and calculation of CI were performed using CompuSyn software (Paramus, NJ, USA). 38 CI reflects the extent of synergy or antagonism for two drugs: CIo0.9, synergy; 0.9oCIo1.1, additive effect; CI41.1, antagonism.
